We discovered that some adults with coronary heart disease (CHD) have a high density lipoprotein (HDL) subclass which induces human aortic smooth muscle cell (ASMC) apoptosis in vitro. The purpose of this investigation was to determine what properties differentiate apoptotic and non-apoptotic HDL subclasses in adults with and without CHD.
Introduction
A number of large, population-based studies have observed that an elevated high density lipoprotein-cholesterol (HDL-C) level is associated with an attenuated risk of atherosclerosis. 1 This antiatherogenic property of HDL is typically ascribed to the ability of HDL to promote reverse cholesterol transport, although this is but one of a number of functions of HDL that reduce coronary heart disease (CHD) risk. 2, 3 There is a remarkable diversity in the population of HDL particles with respect to the constituent apolipoproteins, proteins, and lipids resulting in multiple subclasses which differ with respect to the particle density, size, and surface charge. 4 -6 Identification of a specific HDL subclass that is more, or less, cardioprotective than others and thus a more powerful predictor of CHD than total HDL-C has been the subject of numerous investigations, but no consensus has been reached. Although two major subclasses, HDL2 and HDL3, are commonly described in the literature, the number of identifiable subclasses depends on the mode of separation (ultracentrifugation, immunoisolation, gradient gel electrophoresis, nuclear magnetic resonance, etc.) and the inherent resolution of the method. Subclass heterogeneity can be further increased by transient modifications of HDL-associated proteins and lipids as part of the acute phase response in certain disease states (e.g. infection and myocardial infarction) and in more chronic diseases (e.g. diabetes mellitus, atherosclerosis, and rheumatoid arthritis). 7, 8 These modifications, as well as a myriad of factors which participate in HDL remodelling during the circulating lifetime of the particle population, can result in dysfunctional HDL subclasses that may paradoxically promote rather than protect against CHD. This unparalleled lipoprotein diversity has led to the conclusion that measures of HDL function may better correlate with the CHD risk than the HDL-C level or a singular subclass of HDL. 9, 10 Evidence supporting the antiatherogenic role of HDL stems, in part, from investigations of how HDL and various HDL subclasses favourably affect many facets of endothelial cell, 11 -14 vascular smooth muscle cell, 15 -17 and macrophage foam cell 18, 19 function notably including anti-apoptotic effects on these cells. In contrast to these antiatherogenic functional properties, Kolmakova et al. 20 discovered apoC-I-enriched HDL isolated from pooled cord blood of certain low birth weight (LBW) infants studied by Kwiterovich et al. 21 had a remarkable proapototic effect resulting in a 5-to 25-fold enhancement of human aortic smooth muscle cell (ASMC) apoptosis compared with cells incubated with apoC-I-poor HDL. This atherogenic property of apoC-I was substantiated by additional in vivo experiments using a rabbit model to show apoC-I co-localized with caspase-3 and ceramide at the site of atherosclerotic plaque rupture. 22 Since ASMCs are essential in maintaining the integrity of the fibrous cap overlaying the atherosclerotic plaque, a protein or complex such as apoC-I-enriched HDL, which induces smooth muscle cell apoptosis, may promote atherosclerotic plaque rupture leading to thrombosis and myocardial infarction. 23 This HDL phenotype is distinct from dysfunctional HDLs reported in the literature because the characteristics are not transient and/or mutable as in the case of functional changes in HDL induced by disease processes (i.e. inflammation, infection, etc.). Instead, the apoC-I-enriched HDL appears to be a de novo phenotype with proatherogenic properties. In normolipemic individuals, apoC-I is primarily carried by HDL in contrast to hypertriglyceridemic subjects where it is primarily carried by very low-density lipoproteins (VLDL). 24 Experiments by
Gautier et al. 25 revealed pure apoC-I (i.e. apoC-I not associated with a lipoprotein particle) are the most potent endogenous inhibitor of cholesteryl ester transfer protein (CETP) in humans. Dumont et al. 26 subsequently showed that apoC-I-rich HDL is a stronger inhibitor of CETP than apoC-I-poor HDL. Subjects with apoC-I-enriched HDL will therefore have a higher HDL-C level. In addition, more of the cholesterol will be present in the buoyant, HDL2 fraction in contrast to individuals with a lower HDL-C level where more HDL cholesterol is shifted into the denser, HDL3 fraction. 27 Such an effect is also observed with some synthetic CETP inhibitors such as torcetrapib which also preferentially increase the HDL2 cholesterol level, but through a different mechanism of action. 28 The objective of this investigation was to determine what properties differentiate apoptotic and non-apoptotic HDL subclasses in adults with and without CHD. Our results suggest that the apoptotic HDL subclass described herein appears to be similar to the apoC-I-enriched HDL originally described by Kolmakova et al. 20 and
by Kwiterovich et al. 21 in infant cord blood with the exception that it contains a higher molecular weight isoform of apoC-I. Characterization of this HDL phenotype is important in order to understand how HDL can function to promote atherosclerosis and how to identify individuals with this type of HDL who might otherwise be perceived to have a lower risk of CHD due to a generally higher HDL-C level.
Methods

Subjects
This investigation was approved by the Scott & White Institutional Review Board and informed consent was obtained from all subjects. The investigation conforms to the principles outlined in the Declaration of Helsinki 29 for human subjects. The index case which led to this investigation was an individual with CHD who was found to have an HDL phenotype nearly identical to that described by Kwiterovich et al. 21 Using an existing serum library of 200 individuals with and without CHD, we have thus far identified nine additional individuals with definitive evidence of this HDL phenotype. Samples were screened based on the presence of a prominent HDL2 particle distribution. The characteristics of each participant are summarized in Table 1 . Serum was obtained after a 10 -12 h fast and stored without preservative at 2808C. Eight subjects had angiographically proven CHD and a history of either percutaneous intervention and/or coronary artery bypass surgery. Another participant had presumed CHD based upon the presence of a left bundle branch block on their electrocardiogram (ECG) and the presence of cerebrovascular and peripheral arterial disease, both considered CHD risk equivalent diseases by the National Cholesterol Education Program (NCEP), Adult Treatment Panel III guidelines. 30 Thus, a total of nine subjects had CHD or CHD risk equivalent disease. A group of eight individuals who had a normal coronary angiogram (no lesions .10%) within the 6 months prior to enrolment comprised the control group. These individuals had no history of symptomatic cerebrovascular disease, peripheral arterial disease, or other CHD risk equivalent disease. Also included were four subjects who had a high HDL-C level (.60 mg/dL) and a prominent HDL2 distribution, but no clinical history of CHD. Each of these four subjects had some objective evidence for the absence of obstructive CHD (e.g. a normal stress test, ECG, and/or echocardiogram) and no history of symptomatic cardiovascular disease (CVD) or CHD risk equivalent disease, but they did not have coronary angiography. All but 1 of the 21 subjects had at least one classic CHD risk factor (as defined by the NCEP 30 ). Statin therapy was prescribed in all of the subjects with CHD and in about half of the subjects without CHD. Experiments evaluating the stability of the subclass distribution and stability of the in vitro properties were performed using a second serum sample from eight subjects with apoptotic HDL and a third blood draw from one these eight subjects.
Apolipoprotein, lipid, and CETP
ApoA-I and apoC-I were measured in the Lipid and Lipoprotein Laboratory at the Oklahoma Medical Research Foundation (OMRF) for 20 of the 21 subjects; other apolipoproteins including A-II, B100, C-III, and E were measured in 12 subjects having sufficient serum for the assays. Lipid (n ¼ 21) and lipoprotein-a levels (n ¼ 13) were analysed by standard methods in the Clinical Chemistry Laboratory at Scott & White. CETP activity was measured in a subset of subjects (n ¼ 11) with apoptotic HDL2 by Roar Biomedical Inc. (New York, NY, USA) utilizing a commercial assay (RB-CETP).
Lipoprotein subclass characterization and isolation
The lipoprotein subclasses were characterized and isolated by density gradient ultracentrifugation (DGU) using a metal-ion ethylene diamine Apoptotic HDL tetraacetic acid (EDTA) density-forming solute for every sample. 31 For the experiments described below, 0.18 M sodium bismuth EDTA (NaBiEDTA) (TCI America, Portland OR, USA) was used to characterize the overall lipid profile and to identify individuals with a prominent distribution of more buoyant HDL2 particles while 0.3 M dicesium cadmium EDTA (Cs2CdEDTA) synthesized by a previously published procedure 32 was used to isolate the HDL subclasses. The latter solute provides superior resolution of the HDL2 and HDL3 subclasses as well as a better separation of HDL2 from the LDL and lipoprotein-a particles, but it does not resolve the LDL and VLDL particle distributions. The lipoprotein density distribution was imaged and converted into a spectral pattern using the fluorescence signal from the lipophilic NBD C 6 -ceramide (6-((N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoyl)sphingosine) (Invitrogen, Carlsbad, CA, USA). The incorporation of NBD C 6 -ceramide was proportional to the cholesterol content of the lipoprotein particle. There was a strong linear relationship between the fluorescence intensity and the lipoprotein particle cholesterol concentration with an R 2 value of 0.96.
Matrix-assisted laser desorption ionization-time-of-flight mass spectrometry
HDL fractions were desalted and delipidated as previously described. 33 Mass spectral data of the HDL2 and HDL3 fractions were obtained using an Applied Biosystems Voyager-DE STR (Foster City, CA, USA) system for 16 participants: 7 subjects with CHD, 1 participant without CHD but with a markedly apoptotic effect of HDL on ASMCs, and all 8 subjects without angiographic evidence of CHD.
Fluorescence microscopic-quantitative assay of ASMC apoptosis and caspase-3 immunostaining
The same procedure described by Kolmakova et al. 20 was used to measure the effect of HDL on ASMC apoptosis for all 21 subjects. In brief, 10 3 human ASMCs (Cambrex, Walkersville, MD, USA) were grown on sterilized glass cover slips in six-well trays and treated with 2.5 mL of the various lipoprotein fractions per mL of medium, 20 ng/mL tumour necrosis factor-a (TNF-a) (Sigma Aldrich, St Louis, MO, USA), 10 ng/mL C2-ceramide (Matreya, Pleasant Gap, PA, USA), or the cell medium alone. After a 24 h incubation, the medium was removed and cells were fixed and stained. The average apoA-I concentration in the HDL2 and HDL3 fractions was 40 and 25 mg/dL, respectively. The number of apoptotic cells was determined by fluorescence microscopic quantitative analysis using 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) staining. Approximately 300 -500 cells in each sample were counted and the percent of apoptotic cells was plotted. Kolmakova et al. 20 previously established a good correlation between this measurement of apoptosis with DNA laddering in their original description of ASMC apoptosis by HDL. The morphology of the ASMCs, characterized by light microscopy and a-smooth muscle cell actin (data not shown), demonstrated that the cultures were proliferating smooth muscle cells consisting of both contractile (small spindle-shaped cells) and long-non-contractile (relaxed) type of smooth muscle cells. All experiments were conducted within passages 3 -6 of the cells. The extent of ASMC apoptosis was confirmed by immunohistochemical staining using a caspase-3 antibody as previously described by Kolmakova et al. 20 In six-well trays, human ASMCs (Cambrex, Walkersville, MD, USA) were cultured on sterilized glass cover slips as control (serum-free medium), 2.5 mL of the lipoprotein fractions per mL of serum free medium was added, and cells were incubated for 24 h in 5% CO 2 followed by washing in phosphate-buffered saline (PBS) for 5 min/wash. ASMCs were fixed in 4% formalin for 24 h, washed, and then permeabilized with 0.5% Triton X-100 in PBS for 15 min. Cells were incubated with a primary antibody to caspase-3 (rabbit polyclonal IgG, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a 1:200 dilution overnight at 48C. Next, ASMCs were blocked in 5% bovine serum albumin in PBS for 1 h at room temperature, washed, and incubated with a secondary antibody (goat antirabbit, tagged with Alexa-Fluor-488, Invitrogen, Eugene, OR, USA) for 1 h at room temperature, and washed. ASMC cover slips were mounted and imaged by confocal microscopy (LSM-meta 510 Zeiss, Jena, Germany) at ×40 oil magnification. The caspase-3 fluorescence was quantified using the ImageJ software (download-imagej.com).
Statistical analyses
Correlations were examined using the Pearson correlation coefficient. Apoptosis assays were performed in triplicate. Values were expressed as mean + SD. The Student's t-test was used to evaluate the statistical significance of data. P , 05 was considered as significant.
Results
Apolipoprotein, lipid, and CETP activity levels
Lipid, apolipoproteins, and CETP activity levels for the subjects are summarized in Table 1 . Differences in the lipid levels, apoC-I, and apoA-I between subjects with apoptotic HDL (cases) and subjects who had angiographically normal coronary arteries (controls) are summarized in Figure 1 . The only significant difference was a notably higher mean apoC-I level in the subjects with apoptotic HDL compared with the controls (14.4 + 5.64 vs. 7.9 + 1.0 mg/dL, P ¼ 0.0012), while apoA-I levels were nearly identical (155.2 + 11.4 vs. 156.8 + 12.8 mg/dL, P . 0.05). There was a strong, positive correlation of apoC-I with HDL-C (r ¼ 0.72, P ¼ 0.002). Among the eight subjects with CHD, this correlation was more robust (r ¼ 0.96, P ¼ 0.0006) and was equal to the correlation of HDL-C with apoA-I. The correlation with HDL-C was not improved by using the ratio of apoC-I/apoA-I or the ratio of apoC-I/(apoA-I + apoA-II). No other correlations between apolipoprotein values and HDL-C were statistically significant with P , 0.05. The mean CETP activity, measured in 11 subjects (4 without CHD), was 25.4 + 11.4 pmol/mL/h. For the seven subjects with CHD, CETP activity was slightly lower with a mean value of 18.6 + 6.8 pmol/mL/h, although this difference was not statistically significant.
Lipoprotein subclass analyses
Using HDL fractions isolated by Cs 2 CdEDTA DGU, we observed the presence of a prominent distribution of HDL2 particles (as seen for participant #10 in Figure 2A ) was generally associated with an increased stimulation of ASMC apoptosis, especially when the HDL-C level was high (.60 mg/dL). We also investigated the stability of the subclass properties over time using a second blood draw for five subjects with CHD and three subjects without CHD. The subjects had no significant changes in their medications or medical histories during the interval time ranging from 2 to 8 years. Although there were some minor changes in lipid levels, the lipoprotein density profiles and the extent of ASMC apoptosis (as described below) were unchanged. The comparison DGU profiles for participant #10 are shown in Figure 2A (initial blood draw) and B (second blood draw). A more prominent HDL3 subclass is typically observed for most of the subjects without apoptotic HDL as demonstrated by the DGU profile for a participant without CHD (subject #3) shown in Figure 2C . An exception was subject #1, where the profile showed almost equal distributions of the HDL2 and HDL3 subclasses as shown in Figure 2D .
The cut points for the HDL2 fraction were defined as d ¼ 1.06-1.11 g/mL, while HDL3 fraction was defined as d ¼ 1.11-1.18 g/ mL. These cut points are delineated by the vertical blue lines in the DGU spectra shown in Figure 2 . Although there are slight differences in the lipoprotein particle density distributions between subjects, we used these constant and predetermined cut points to excise the HDL2 and HDL3 fractions rather than isolating fractions based on points of inflection in the DGU profile. This approach may be responsible for some of the variability we observed with respect to the extent of ASMC apoptosis (described below). Validity of the subclass distribution by the DGU method was previously assessed in a head-to-head comparison of DGU and classical gel electrophoresis reported in the original description of apoC-I-enriched HDL by Kwiterovich et al. 
Matrix-assisted laser desorption ionization-time-of-flight mass spectrometry
ApoC-I is present in humans 34 -36 and in great apes 37 as the mature 57-amino acid protein (m/z 6630.6) and the post-translationally modified 55-amino acid protein (m/z 6432.5) lacking threonine and proline residues at the N-terminus. This doublet confers an immutable mass spectrometric signature, conserved across species. All subjects with a normal coronary angiogram exhibited this expected mass spectral pattern shown in Figure 3A and B corresponding to the fulllength protein with an average m/z 6632.52 + 1.98 and the truncated form, designated as apoC-I ′ (apoC-I minus N-terminus Thr-Pro) with an average m/z 6432.95 + 8.
23. An unexpected finding we recently reported 38 was a pronounced shift of this characteristic apoC-I/ apoC-I ′ doublet signature to a higher molecular weight isoform as seen in Figure 3C and D. The presence of this higher molecular weight apoC-I/apoC-I ′ doublet, shifted by +90.98 + 8.10 Da, was always associated with an apoptotic effect on ASMCs with the exception of subject #1 (a control without CHD) where HDL2 fraction induced apoptosis in 23% of the ASMCs, yet the mass spectrum demonstrated a normal apoC-I/apoC-I ′ signature. Mass spectra of apoC-I/apoC-I ′ in the HDL3 fractions, shown in Figure 3B and D, exhibited an identical apoC-I/apoC-I ′ pattern as the HDL2 fraction but the peak intensities were lower. To prove this new isoform was a stable characteristic and not a result of sample aging, mass spectra were obtained of the delipidated HDL fractions isolated from the second and third blood draws (from subjects with apoptotic HDL). Each sample contained the higher molecular weight apoC-I isoform and no evidence of the normal apoC-I variant.
HDL-induced apoptosis in human ASMCs
The effect of the HDL fractions on ASMC apoptosis is shown in Figures 4 and 5 for 18 of the 21 subjects. We observed that HDL2 isolated from individuals with CHD and one individual without CHD (subject # 49) induced up to 16-fold enhanced apoptosis compared with cells incubated with the cell medium (control). Figure 4 also demonstrates that the higher molecular weight isoform of apoC-I (noted by a '+' sign) was detected in all of these cases and none of the non-apoptotic control samples and that the observed effect of HDL2 on ASMC apoptosis was up to 5 -6-fold greater than C2-ceramide or TNF-a. Figure 5 shows that the apoptotic effect of HDL was primarily induced by the HDL2 fraction and not the HDL3 fraction from the same subject. In many respects, the HDL3 subclass serves as an internal control which reassures us that the apoptotic affect is influenced primarily, if not exclusively by the HDL particle composition and not extraneous experimental factors. We verified that the apoptotic property of HDL was a stable and reproducible characteristic over time by repeating the experiments using fresh serum samples. Comparing the results for subjects #10 and #143 in Figures 4 and 5 reveals more apoptosis in some cases (i.e. subject #10) but less in others (i.e. subject #143). Overall, we concluded the effect of the sample age was negligible. We believe the variability with respect to apoptosis was primarily affected by slight changes in the HDL particle distribution as seen in the DGU profiles in Figure 2 . We also ruled out the possibility that the apoptotic effect was due to contamination of the HDL2 fraction by the higherdensity apoB-containing lipoproteins, e.g. dense LDL and/or lipoprotein-a by: (i) incubating ASMCs with HDL2 containing the apoB fraction and (ii) removing the apoB-containing lipoproteins by precipitation prior to exposing the ASMCs to the HDL2 and HDL3 fractions. Neither of these actions affected the extent of HDL apoptosis. Incubation of cells with the non-HDL fraction (i.e. the Figure 1 Mean value and standard deviation (error bars) for total cholesterol (TC), LDL-C, and triglyceride (TG) levels are shown in (A) and for HDL-C, apoA-I (values on left axis), and apoC-I (value on right axis) for serum from subjects with non-apoptotic (white bars, controls) and apoptotic (hashed bars, cases) HDL2 in (B). The only statistically significant difference between these two groups was a higher apoC-I concentration in subjects with apoptotic HDL2.
Apoptotic HDL apoB-containing lipoproteins) did not induce ASMC apoptosis (data not shown).
Kolmakova et al. 20 found that expression of caspase-3, a crucial executioner in the pathway leading to DNA fragmentation and apoptosis, was stimulated by pure apoC-I and by apoC-1-enriched HDL but not by apoC-I-poor HDL. Thus, we conducted additional experiments to confirm such observations in this study and also as a second measure of the apoptotic effect of HDL2 fractions containing the higher molecular weight apoC-I isoform. An example shown in Figure 6 demonstrates that incubation of ASMCs with the HDL2 fraction from one such subject (#10) rendered a 3.5-fold increase in caspase-3 antibody fluorescence compared with HDL2 from a control subject with normal (non-apoptotic) HDL. This finding supports the extensive apoptosis observed by the cell morphology data using DAPI staining and is greater than the magnitude of the effect observed by Kolmakova et al. 
Discussion
Knowledge of the effects of HDL on cultured vascular cells provides insight into how HDL functions in circulation. Previous studies on cultured endothelial 11 -14 and smooth muscle cells 15 -17 have shown that HDL has a number of anti-atherogenic properties. In contrast, we have discovered a HDL subclass in adults which is associated with a profound apoptotic effect on human ASMCs in vitro, a property which could promote atherosclerotic plaque rupture, leading to thrombosis and myocardial infarction. 21, 23 The apoptotic effect was strongly associated with the presence of a higher molecular weight apoC-I isoform in the HDL particle, as well as generally higher apoC-I and HDL-C levels and a predominance of more buoyant HDL2 particles. To our knowledge, the promotion of ASMC apoptosis is one of the most potentially proatherogenic effects of HDL reported in the adult population to date. This study confirms and extends the previous observations by Kolmakova et al. 20 who first demonstrated that HDL isolated from LBW infants with an increased level of large HDL particles enriched in apoC-I could markedly induce ASMC apoptosis compared with apoC-I -poor HDL or pure apoC-I. Kwiterovich et al. 21 hypothesized that if this HDL phenotype were to persist into adulthood, it could be a risk factor for CVD and explain the association between LBW and adult CVD originally described by Barker et al. 39 Our data show that a nearly identical HDL phenotype is present in adults except it is associated with a higher molecular weight apoC-I mutation. This isoform of apoC-I was not observed in the matrix-assisted laser desorption ionization mass spectra of apoptotic apoC-I-enriched HDL from the LBW infants; but in that case, apoptosis was evaluated using pooled cord blood. 21 Therefore, a direct correspondence with the apoC-I mass and apoptosis was not established as we have done in the experiments reported herein. Kwiterovich et al. 21 reported the mass spectrum for only 1 of the 30 infants with the apoC-I-enriched HDL phenotype thus, the higher molecular weight apoC-I isoform may have been present in cord blood, but not detected. Although one participant with apoptotic HDL was aware they were 'small and premature', none of the other subjects knew any details of their birth history or their birth weight. We did not find a statistically significant correlation with the total apoC-I level (or the apoA-I/apoC-I ratio) and the extent of ASMC apoptosis; this experimental aspect could not be addressed in the prior experiments by Kolmakova et al. 20 because a pooled cord blood specimen was used. We believe that the absence of a four mass spectra corresponds to the mature apoC-I apolipoprotein and the lower molecular weight apoC-I ′ apolipoprotein associated with the loss of the N-terminus threonine and proline residues. (A) Delipidated HDL2 from subject #14 (normal angiogram, no evidence of HDL2-induced apoptosis); (B) delipidated HDL3 from subject #14; (C) delipidated HDL2 from subject #41 (multivessel coronary artery disease, apoptotic HDL2); (D) delipidated HDL3 from subject #41.
Apoptotic HDL Figure 4 Effect of HDL 2 from various subjects on ASMC apoptosis for subjects with CHD (represented by the black bars), a participant without known CHD (dark grey bar) and subjects with a normal coronary angiogram and no CHD risk equivalent disease (clear bars). The striking association of the higher-molecular weight apoC-I isoform in participants with ASMC apoptosis (represented by '1' under each bar) compared with the subjects with a normal coronary angiogram and the normal apoC-I variant (represented by '-' under each bar) is also demonstrated. The extent of apoptosis induced by HDL2 isolated from subjects with the higher molecular weight isoform of apoC-I was generally much higher than that induced by HDL2 isolated from subjects with the normal apoC-I variant as shown in the inset of Figure 4 . With the exception of subjects #1and #7, those with the normal apoC-I variant did not induce significant ASMC apoptosis. There were no characteristics of these two controls (i.e. higher apoC-I or lower apoA-I/apoC-I levels, race, gender, risk factor burden, or medications) which would distinguish them from the other controls except for the observation that subject #1 had a more prominent HDL2 distribution as shown in Figure 1 . Error bars represent the standard deviation of the mean cell counts performed in replicate measurements. Serum from subjects #10 and #143 was obtained using fresh serum. Figure 5 Effect of HDL2 and HDL3 from four subjects on ASMC apoptosis (right panel, B). Human ASMSs grown on glass cover slips were incubated with 2.5 mL of each fraction. The cells were stained with DAPI reagent. The nucleus of normal cells is blue and the nucleus of apoptotic cells is fragmented white as shown for most of the ASMCs shown in top micrograph (left panel, A) which were exposed to the HDL2 fraction from participant #10. This is in contrast to the nearly complete absence in any apoptotic cells in the bottom micrograph when the ASMCs were exposed to the HDL3 fraction. Error bars represent the standard deviation. The asterisks represent P values as follows: *P ≤ 0.05 , **P ≤ 0.005. Serum from subjects #10 and #143 were obtained using the first (older) serum samples. Error bars represent the standard deviation of the mean cell counts performed in replicate measurements. correlation between the apoC-I concentration and apoptosis could be due to several factors. One is that the concentration in serum may not reflect the apoC-I enrichment in the HDL2 particle and/or levels of the higher molecular weight isoform which is closely associated with the apoptotic property of HDL2. Another explanation is the possibility that the apoptotic effect may not be due to the apoC-I isoform but rather a component closely correlated with the presence of the apoC-I isoform. The extent of apoptosis by ASMC morphology was confirmed by observing robust caspase-3 expression. This method correlates well with the TUNEL assay and has been shown to be a reliable indicator of apoptosis. 40 We observed a 3.5-fold enhanced caspase-3 expression for HDL2 fractions that stimulated apoptosis by DAPI staining compared with HDL2 from subjects with non-apoptotic HDL2, whereas Kolmakova et al. 20 reported a 1.7-fold enhancement by apoC-I-enriched HDL compared with the cell medium, and no enhancement for apoC-I-poor HDL. Multiple apoC-I polymorphisms have been described in the literature, but only one other structural isoform of apoC-I has been reported in humans. The T45S variant, which affects adipocyte regulation in aboriginal Canadians 36 and in persons of American Indian or Mexican ancestry 35 results in an additional protein product 14 Da lower than the normal C-I variant. To our knowledge, higher molecular weight variants of apoC-I have not been reported in humans. Although apoC-I is synthesized containing an additional 26 unit peptide, it is removed prior to secretion and no evidence of a precursor propeptide or a propeptide fragment has ever been detected in circulation. The complete absence of the normal apoC-I variant suggests this isoform is not a post-translational modification given such modifications result in a mixture of products (normal and modified).
An alternate explanation we considered is that the higher molecular weight isoform is the result of a genetic mutation. Puppione et al. 37 have discovered a pseudogene product corresponding to a higher molecular weight form of apoC-I product shifted by +58 Da in great apes. Although there is significant homology between human and great ape genes, the human pseudogene, located downstream from the apoC-I gene, contains an intervening stop codon in the protein coding sequence and no mRNA product has ever been detected. 41, 42 Thus, it is unlikely the higher molecular weight apoC-I isoform we observed is due to the human pseudogene product. Further experiments are in progress to identify the origin of the higher molecular weight isoform. The physiological role of apoC-I is quite wide and varied. Most pertinent to our observations is that apoC-I accounts for most of the CETP-inhibitory action associated with HDL, but the mechanism of action is quite different from the CETP blockade by pharmacological inhibitors such as torcetrapib. Gautier et al. 25 have shown that purified human apoC-I at concentrations above 2 mg/mL nearly abolishes CETP activity, and secondly that the inhibitory action of HDL on CETP is proportional to the C-I content. We observed that the CETP activity, measured in a subset of 11 subjects in this study with apoptotic HDL, was a factor of approximately four times lower compared with values reported from other studies utilizing the same commercial assay. For example, in the Multi-Ethnic Study of Atherosclerosis, CETP activity ranged from 35.1 to 55.9 pmol/mL/h 43 and in the Framingham Heart Study the mean CETP activity was 149 + 6.8 85 pmol/mL/h. 44 We did not find a significant correlation between the apoC-I concentration and CETP activity in either the cohort with apoptotic HDL or the controls with normal HDL, a finding also reported by Kwiterovich et al. 21 Using a different CETP activity assay, Pillois et al. 45 recently reported a weak, but statistically significant negative correlation between the apoC-I level and CETP activity in a cohort of 240 patients with CHD (r ¼ 0.133, P , 0.001); the correlation improved to 0.330 (P , 0.001) in 101 normolipemic subjects within this cohort. Although they also observed a positive correlation with the apoC-I concentration and the HDL-C level, it was fairly weak (r ¼ 0.165, P , 0.001) in the overall cohort and only slightly stronger in the normolipemic cohort (r ¼ 0.330, P , 0.001). In contrast, the mean apoC-I concentration in the subjects reported herein was almost a factor of 2 higher than that of the cohort Pillois et al. studied, and we observed a much stronger, statistically significant positive correlation between the apoC-I concentration and the HDL-C level (r ¼ 0.72-0.96). Finally, another intriguing role for apoC-I which merits note is that higher levels also appear to confer a survival benefit in patients with endotoxemia by stimulating TNF-a production. 46 Plomgaard and Nielsen 47 have suggested that this proinflammatory effect of apoC-I, while beneficial in the setting of sepsis, may ultimately be detrimental because it could promote the future development of atherosclerosis through enhanced inflammation. There are several aspects of our experimental approach that differ from other investigations of how HDL affects vascular cells. One is that we used a relatively new ultracentrifugation method to isolate the HDL subclasses. When lipoproteins are isolated by ultracentrifugation, there is some concern that the HDL particle properties may be influenced by protein shedding during centrifugation. The literature suggests that the in vitro functional properties of HDL subclasses isolated using conventional NaBr or KBr DGU 12 -14 are preserved. Compared with these methods, the DGU method utilizes a lower ionic strength gradient ( 0.6 M for 0.3 M Cs2Cd (EDTA), vs. 3 M for NaBr or KBr) and a reduced spin time (6 vs. 20 -30 h) so the DGU method is less likely to perturb the HDL particle integrity. Reassuring evidence that the isolation method did not affect the in vitro properties of HDL is provided by noting that the extent of ASMC apoptosis Figure 6 Arterial smooth muscle cells were incubated with HDL2 from subject #10 (44.0% apoptosis by DAPI staining) and from a control, subject #14 (3.3% apoptosis by DAPI staining) for 24 h. Error bars represent the standard deviation of the mean cell counts for each sample. Note that cells incubated with HDL2 containing the modified apoC-I isoform reacted strongly to the capsase-3 antibody compared with HDL2 from a subject with normal apoC-I. This difference was statistically significant (**P ¼ 0.0037). RFU ¼ relative fluorescence units.
Apoptotic HDL produced by HDL2 and HDL3 isolated by DGU is nearly identical to that observed for apoC-I-enriched HDL and apoC-I-depleted HDL, respectively, isolated by sequential immunoprecipitation in the original description of this HDL phenotype. 20 Another difference with our approach is that most in vitro studies have examined the effects of HDL on vascular cells using plasma. This includes Kolmakova's initial investigations of apoC-I-enriched HDL on ASMC. 20 We have historically used serum since our initial experiments were performed using leftover serum from a standard lipid profile. Collins and Olivier 48 determined that the only significant differences between the lipoprotein composition in plasma and in serum are primarily attributable to the absence of fibrinogen proteins as well as a slightly higher level of apoB-100 in serum compared with plasma. Thus, we believe the extent of ASMC apoptosis would be the same for HDL isolated from plasma. We also acknowledge that a weakness of this study is the limited population diversity with respect to gender, ethnicity, and the crosssectional design. The preponderance of women in this study was explained in part by our screening criteria which focused on subjects with a prominent HDL2 subclass distribution given this was the phenotypic signature of infants with apoC-I-enriched HDL independent of their gender. 21 The circulating level of the HDL2 subclass is typically higher in adult women than men. 49 The predominately female gender in our sample may have therefore biased the apparent association of apoC-I with higher HDL-C levels. Approximately 80% of subjects enrolled in the clinical studies supporting the serum library for this investigation were Caucasian. This in part reflects the demographics of the population but also the smaller number of minority populations agreeing to participate in studies. In summary, our results demonstrate that some HDL2 subclasses containing a higher molecular weight isoform of apoC-I markedly enhance smooth muscle cell apoptosis in vitro. Our findings corroborate the observations of Kwiterovich et al. 21 and Kolmakova et al.
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pointing to the existence of an HDL subclass which may find its origins in an unfavourable intrauterine environment. HDL containing this apoC-I isoform may be expected to unfavourably impact CHD outcomes based upon additional supporting in vivo evidence from Steen et al. 22 demonstrating a compelling association of apoC-I with capsase-3 and ceramide at the site of atherosclerotic plaque rupture in a rabbit model and the proinflammatory effect of apoC-I reported by Plomgaard and Nielsen. 47 Because individuals with this HDL subclass generally have higher HDL-C levels, likely resulting from the inhibitory effects of apoC-I on CETP, they may paradoxically be perceived to have a lower risk of CHD. This study therefore also offers an example of a mechanism associated with a potentially adverse effect of CETP inhibition on CHD risk. We hypothesize that at the vascular level, this HDL subclass, with access to the subintimal space, may exert toxic effects on vascular cells which promote atherogenesis and contribute to plaque rupture based on our knowledge of the underpinning molecular mechanisms linking smooth muscle cell apoptosis and inflammation with enhanced plaque instability. 23 Our findings further support a growing body of evidence demonstrating that measures of HDL function may be more informative with respect to the CHD risk than the HDL-C level. A failure to recognize this HDL subclass as a putative risk factor may result in an underestimation of an individual's risk for CHD, especially in those individuals having high HDL-C levels.
